Abstract-A novel bandpass filter design method of achieving different selectivity based on E-shaped dual-mode resonator is presented. The characteristic of the E-shaped dual-mode resonator is investigated. The technique of utilizing capacitive and inductive input-output cross-coupling to generate two adjustable transmission zeros at stopband is explored intensively. Advantages of this type of filter are not only its dual-mode resonator and miniaturization, but also its controllable transmission zeros. The coupling scheme is presented to model the operations of these filters. Four dual-mode microstrip BPFs have been designed, fabricated, and measured. Both the simulated and measured results are presented. The exemplary filters verify the feasibility of the new design method.
INTRODUCTION
The rapid evolution of wireless communication systems require high performance, narrow bandpass filters (BPFs) having high selectivity and low insertion loss [1] . The dual-mode microstrip BPF is known to have attractive features such as easier design, easier manufacture, lower cost, smaller size and lower radiation loss, first appearing in microstrip structures by Wolff in 1972 [2] . Since then, many dual-mode BPFs with improved electrical and/or geometrical features have been investigated . Among them, the E-shaped resonator was modeled as a dual-mode resonator in [9] . Rectangular dual-mode filter with open stub was proposed in [10] . The dual-mode filters with short stub were proposed in [11] [12] [13] . Y-shaped resonator modeled as dual-mode and triple-mode filter were proposed in [14] and [15] . However, all the above described structures exhibit poor roll-off rejection performance since only one inherent transmission zero appear at stopband. Circular dual-mode filter with source-load coupling (S-L coupling) was proposed in [16] . Rectangular dual-mode filters with controllable transmission zeros are presented in [17] . In [18] , the rectangular dual-mode filter with inductive S-L coupling was proposed. Those filters exhibit two transmission zeros at stopband owe to introducing S-L coupling.
In this letter, we report a novel method to realize different selectivity dual-mode BPF based on E-shaped dual-mode resonator. The mode split of the E-shaped resonator is investigated. By introducing the capacitive or inductive S-L coupling, the filters exhibit an obvious two-pole quasi-elliptic characteristic response with two finite-frequency transmission zeros to improve the out-of-band performances. After the mechanism of the proposed filter is described, four BPF prototypes are designed, fabricated and tested. The measured results are in good agreement with those obtained from the commercial EM simulator.
E-SHAPED DUAL-MODE OPEN STUB LOADED RESONATOR
The E-shaped dual-mode open stub loaded microstrip resonator is illustrated in Fig. 1 . This resonator has a symmetrical structure, and it consists of a left/right transmission line of the width W 2 and length L 2 and an open stub of the width W 1 and length L 1 in the centre of the left/right transmission line. For a compact size, left/right transmission line is bent, and the E-shaped resonator is formed.
The open stub at the centre of the E-shaped resonator introduces another transmission pole near the fundamental frequency of the half- Figure 1 . Layout of the proposed E-shaped dual-mode resonator. wavelength resonator. So the proposed structure is a dual-mode resonator. The symmetric structure can support two modes, i.e., an even mode and odd mode. The full-wave EM eigenmode simulator is used to characterize the current and electric field patterns for an Eshaped resonator. Figs. 2(a) and (b) show the surface current patterns of the resulting two fundamental modes. As shown in Fig. 2(a) , the surface current is dominant only in left-and right-branches, and this mode is odd mode. The surface current of the left-and right-branches get together flowing into middle branch, as shown in Fig. 2(b) , which is symmetric with respect to the yz-plane, this mode thus behaves as even mode. Figs. 3(a) and (b) depict the simulated electric field vector between the metal strip and ground plane at the resonance frequency. The electric field pattern of the odd-mode is illustrated in Fig. 3(a) , where the maxima of the field are located along the left and right (a) (b) Figure 2 . Surface current pattern at the resonance frequency of (a) odd mode, (b) even mode.
(a) (b) Figure 3 . Simulated electric field patterns for E-shaped dual-mode resonator, (a) odd mode, (b) even mode.
arms. The field distribution is similar to that of a half-wavelength single-mode resonator. Thus, the open stub does not affect the odd mode. Fig. 3(b) shows the electric field pattern of the even-mode, where the maxima of the field move to the open stub and both side of the arms. Moreover, it is observed from the direction of the electric field vector that the field is symmetric with respect to the symmetry axis. Hence, changing the dimension of the open stub L 1 makes the resonant frequency of the even mode shift only, while changing the dimension of the left/right arm L 2 makes the resonator frequency of both even and odd mode shift. For even-mode excitation, the approximate equivalent circuit is shown in Fig. 4(a) . The input admittance for even-mode can be expressed as
where θ 1 = βL 1 , θ 2 = βL 2 , and β is the propagation constant. In this case, the propagation constant is almost equal for even-mode and odd-mode. The resonance condition is
f e is the frequency of even-mode. From Eq. (2), the even-mode resonance frequency can be determined. Fig. 4(b) shows the odd-mode equivalent circuit. Similarly, the input admittance for odd-mode can be given by
From the resonance condition of Y in = 0, the odd-mode resonant frequency can be expressed as
(a) (b) where the c is speed of light in free space, f o is the frequency of oddmode, and ε e denotes the effective dielectric constant of the substrate. Figure 5 shows the resonance frequencies of the two modes against L 2 . The horizontal axis is the length of the left/right branch L 2 . The vertical axis is the resonator frequency of even mode and odd mode. As is shown in Fig. 5 , when L 2 varies from 18.7 mm to 23.7 mm, the resonance frequency of the odd mode decreases almost linearly from 2.98 to 2.38 GHz, while the resonance frequency of the even mode decreases from 2.68 to 2.47 GHz.
BANDPASS FILTERS BASED ON E-SHAPED DUAL-MODE RESONATOR
The structure of the dual-mode microstrip BPFs are shown in Fig. 6 . The BPFs consist of an E-shaped dual-mode resonator with a cross coupling between source and load. The substrate used for simulation and fabrication is Rogers RT5880. For a compact structure, the input and output feed line locate between the left/right arm and central open stub. Fig. 6(a) shows the capacitive S-L coupling dual-mode filter, and the open-ended coupling line introduces the require capacitance. Fig. 6(b) shows the inductive S-L coupling filter. The short-ended coupling line is used to achieve the inductive coupling.
The signal transmits from port 1 to port 2 through two paths: the signal of path 1 is mainly coupled into the E-shaped resonator through a parallel coupling-line structure; meanwhile, the direct signal of path 2 from port 1 to port 2 through weakly coupling is formed by S-L coupling feed stubs. Beyond the passband, transmission zeros may generate owing to the interaction of the signals from the two coupling paths. The total-matrix of the filter can be given by [1] [
where Y 1 and Y 2 are the admittance matrices of the 1 and 2 path, respectively. In terms of the calculated admittance matrix, S 21 of the filter can be derived by Eq. (6)
The finite transmission zeros are located at the angular frequencies where
, where Y 211 and Y 212 are Y 21 of the 1 and 2 path, respectively. At these frequencies, the signals through two coupling routes are nearly out-of-phase. The coupling scheme is modeled as shown in Fig. 7 . The white dots represent the even or odd mode, and the dark ones represent the source or load, respectively. The input is coupled to both modes by the admittance inverters, represented by the solid lines, and so is the output. There is no coupling between the two modes. Input and output are coupled through the weak coupling, denoted by the dash line, which includes two types, i.e., capacitive and inductive S-L coupling. The coupling scheme shown in Fig. 7 can be analyzed by its coupling matrix M , given by [28]  Figure 7 . Layout of the corresponding coupling scheme (1 and 2 represent the odd and even mode respectively).
Since the proposed dual-mode filter exhibits symmetry, the relationship among the coupling matrix presents
This type filters have an inherent transmission zero. An explicit expression relating the coupling elements and the transmission zero is provided as followed:
|M S1 | > |M S2 | is always true for this structure since the coupling strength between the odd mode and external feeding network is always larger than that of the even mode. So the transmission zero is always located at finite frequency. In other words, the structure exhibits finite transmission zero inherently. The transmission zero can be moved from the upper stopband to lower stopband, or vice versa, by changing the sign of M 11 and M 22 simultaneously. In a more explicit expression, M 11 and M 22 can be related to the resonant frequencies of odd mode and even mode respectively by the following equations:
If M 11 > 0 and M 22 < 0, Ω inh would be greater than zero and f even > f 0 > f odd . The inherent transmission zero would be on the upper stopband. If M 11 < 0 and M 22 > 0, Ω inh would be less than zero and f even < f 0 < f odd . The inherent transmission zero would be on the lower stopband. So the inherent transmission zero is always at the same side of passband with even mode. We can obtain another mathematic express incorporating (8) and (10)
The right part of Eq. (11) is always positive regardless M 22 > 0 or M 22 < 0. Therefore, the inherent transmission zero is always at the same side of passband with even mode.
From (2), (3) and (10), the location of inherent transmission zero relative to passband can be adjusted by change the L 2 . As shown in Fig. 8 , the inherent transmission zero moves from the lower stopband to upper stpoband when L 2 increases from 20.8 mm to 22.2 mm. The frequency of inherent transmission zero is fixed in fact, whereas the odd and even mode shifts towards lower frequency as L 2 increases. The inherent transmission zero is always at the same side with the even mode.
With S-L coupling, an additional transmission zero occurs in the stopband. If the S-L coupling is capacitive, the additional transmission zero at upper stopband is introduced. The inductive S-L coupling would introduce additional transmission zero at lower stopband. The mechanism of engendering additional transmission zero can be analyzed by the coupling scheme. The S-L coupling path always engender stronger coupling with odd mode path than that of even mode path due to |M S1 | > |M S2 |. So we only take the path 1 into account. The phase shift of a resonator at off-resonance frequencies is dependent on whether the frequency is above or below resonant frequency [19] . The impedance of the resonator is capacitive and the phase shift should be +90 • at lower stopband. On the contrary, the impedance of the resonator is inductive and the phase shift should be −90 • at upper stopband. The phase shift of inductive/capacitive Table 1 . As shown in Table 1 , the capacitive S-L coupling would introduce an additional transmission zero at upper stopband. The inductive S-L coupling would introduce additional transmission zero at lower stopband.
Using those techniques, for the capacitive S-L coupling dual-mode filter, the response with two zeros at both skirts can be obtained when f even < f 0 < f odd . Vice versa, if f odd < f 0 < f even , the response with the both transmission zeros at upper stopband can be obtained. The location of these the additional transmission zeros can be controlled by changing the amount of the S-L coupling capacitance, and the amount of capacitance can be controlled by adjusting the values of L c .
The inductive S-L coupling introduces an additional transmission zero at lower stopband, and the location of inherent transmission zero can be adjusted by changing L 2 . Thus, we can achieve different filter response. The additional transmission zero can also be changed by adjusting the values of L c . The simulated scattering parameters for different L c is shown in Fig. 9 . Fig. 9(a) shows the capacitive S-L coupling dual mode filter with f odd < f 0 < f even . Both the two transmission zeros are at upper stopband. The additional transmission zero moves towards to passband as L c increases, whereas the inherent transmission zero hardly changes. When L c is less than 1 mm, the cross coupling is so weak that the additional transmission zero disappears. Fig. 9(b) shows the inductive S-L coupling filter with f even < f 0 < f odd . Both the two transmission zeros are at lower stopband. The additional transmission zero moves towards to passband when L c increases. So we can obtain the appropriate selectivity by changing the length of L c . The coupling structure makes it possible for the filter to generate Table 1 . Relative phase shifts of the proposed filters.
Type Frequency Coupling
Path two finite transmission zeros at the lower or upper stopbands based on the same resonator, leading to a quasi-elliptic function response that improves the passband and out-of-band performances.
SIMULATION AND EXPERIMENTAL RESULTS
Based on the above-discussed theories, four BPFs is designed and fabricated on substrate Rogers RT/duroid 5880 for an experimental demonstration. The gap between the resonator and coupling arms is selected in consideration of appropriate coupling and etching tolerance. The characteristic impedance of the input/output microstrip is taken as 50 ohm.
Filter Examples with Capacitive S-L Coupling
The first two microstrip filter examples to be described base on capacitive S-L coupling. A full-wave optimization with the HFSS is utilized to account for all electromagnetic effects affecting. The final optimized sizes of the dual-mode microstrip BPFs (as illustrated in Fig. 10 . The difference between the two filters is the length of L 2 . The L 2 of the filter shown in Fig. 10(a) is 21.15 mm, whereas the L 2 of the filter shown in Fig. 10(b) is 22.04 mm. Fig. 11(a) shows the measured S-parameters for the proposed filter in Fig. 10(a) , together with the full-wave EM simulation results. As shown in Fig. 11(a) , the two transmission zeros are at upper stopband. The minimum measured insertion loss is 1.7 dB, and the maximal return loss is about 18 dB. The FBW of this filter is about 2%. The measured two transmission zeros at upper stopbands (2.54 and 3.8 GHz, respectively) improve the frequency selectivity and the upper stopband performance. The slight discrepancy in frequency shifting primarily is caused by the unexpected fabrication tolerance and parasitic effect of the SMA connectors in measurement. Fig. 11(b) shows the measurements and simulations results for the proposed filter shown in Fig. 10(b) . The minimum measured insertion loss is 2 dB. Two transmission zeros are realized at 2.54 and 3.52 GHz, which locate at both side of passband. Good agreement between both measured results and full-wave simulations except for the passband return loss. The dimension of the filters is about 0.095λ × 0.3λ g , and achieves relative size reduction of 55% compared with the circular open loop filter proposed in [16] .
Filter Examples with Inductive S-L Coupling
The The measured and simulated results are shown in Fig. 13 . Fig. 13(a) shows the results that the filter shown in Fig. 12(a) , and the two transmission zeros are at both side of passband. The simulated center frequency is at 2.5 GHz, and FBW is approximately 3.2%. The minimum measured insertion loss is 1.5 dB, and the maximal return loss is about 17 dB. Meanwhile, the measured results show two transmission zeros are at 1.02 and 2.55 GHz as expected. Fig. 13(b) shows the filter that both two zeros at lower stopband. The simulated center frequency is 2.58 GHz, and the FBW of this filter is approximately 3%. The minimum measured insertion loss is 1.6 dB, and the maximal return loss is about 16 dB. Meanwhile, the (a) (b) Figure 13 . Simulated and measured frequency responses of the inductive S-L coupling dual-mode filters, (a) two zeros at both sides of passband, for filter in Fig. 12 (a); (b) two zeros at lower stopband, for filter in Fig. 12 (b) (the inset shows narrowband response of fabricated filters).
measured results show two transmission zeros are at 0.85 and 2.56 GHz, respectively. Measured results are generically in agreement with the simulated results. The bigger insertion loss and the slight discrepancy in frequency shifting are mainly due to the dielectric losses and etching tolerance.
CONCLUSION
In this letter, a novel design method of dual-mode BPF using an E-shaped dual-mode microstrip resonator has been investigated. The performance of the E-shaped dual-mode resonator has been studied using a full-wave simulator. For generating two controllable transmission zeros at the stopbands, the capacitive and inductive S-L coupling have been
used. An open-ended parallel coupling line introduce the require capacitance, and the shorted-ended coupling line is used to achieve the inductive coupling. This makes it much easier to design bandpass filters with different out-of-band selectivity by changing the S-L coupling type and the length of left/right arm in one resonator. Four dual-mode BPFs have been designed and fabricated.
The measured results are generally in agreement with the simulated results. The advantage of this new design method over conventional ones is that it facilitates the realization of different selectivity within one dual-mode resonator.
